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Summary

Maria de Fatima Borges, Jiirgen Alheit, Alicia Lavin, Andrés Uriarte, and
Antonio Bode

The Workshop on Long-term Variability in Southwestern Europe (WKLTVSWE) was
held in Lisbon, Portugal from 13 to 16 February 2007, a joint effort of ICES and
GLOBEC and endorsed by EUR-OCEANS (http://www.eur-oceans.org). In 1997,
GLOBEC’s SPACC (Small Pelagic Fish and Climate Change) initiative held a joint
meeting with SCOR Working Group 98 on worldwide, large-scale fluctuations in
sardine (Sardinops sagax) and anchovy (Engraulis spp.) populations (Schwartzlose et
al., 1999). It was decided then to continue this “global” undertaking with a series of
regional workshops. Previous meetings had focused on the Benguela Current in 2001
(Cury and Shannon, 2004), the Humboldt Current in 2002 (Alheit and Niquen, 2004),
and Japanese waters in 2003. During the 2005 annual meeting of the former ICES
Study Group on Regional Ecology of Small Pelagics (SGRESP)-subsequently
ICES/GLOBEC Working Group on Life Cycle and Ecology of Small Pelagic Fish
(WGLESP)—it was recommended that this series of workshops be continued with a
meeting focusing on the waters surrounding the Iberian Peninsula, including the
western Mediterranean Sea.

A synthesis of the hydrography, oceanography, and biology of southwestern
European waters is presented. The goals of the workshop were to (i) provide a survey
of large-scale, long-term changes throughout the ecosystems surrounding the Iberian
Peninsula (are there signals of regime shifts in the region?), (ii) identify apparent
synchronies (teleconnection patterns) with other regions of the North Atlantic or
northern hemisphere, and (iii) gain insight into the causes and mechanisms
underlying the major ecosystem changes, e.g. identify possible links of those changes
in the ecosystems to climate variability. Testing materials were climatic and
oceanographic variables, ecosystem indices (zooplankton and phytoplankton
indices), and population indices of small pelagic (catches and recruitment series) in
addition to climate-forcing indices at local and worldwide scales.

The time-series compiled during the workshop were as broad as possible. In all, 73
data time-series were compiled and classified by type: global climatic and biological
indices. With the objective of identifying and analysing oscillations at multi-annual
scale in the variability of the time-series, it was decided to work on three case studies:
Case study 1-global region, Atlantic Iberian Peninsula; Case study 2 -local region,
Portugal; Case study 3 —local region, Bay of Biscay.

The results of the global case study revealed significant interannual trends in climate,
oceanographic, and ecosystem variables, regional indications of global warming since
ca. 1950. Quasi-decadal scales are characteristic of climate, oceanographic, and fish
abundance indices, but plankton indices are over shorter periods. Sardine and
anchovy demonstrated synchrony in positive and negative phases up to 1978,
increasing and decreasing simultaneously. This pattern was broken and moved to
asynchrony thereafter, when sardine and anchovy were in opposite phase. The
Portuguese case study demonstrates that sardine catches are negatively correlated
with northwesterly winds, and that these are strongly and positively correlated with
the North Atlantic Oscillation (NAO). Sardine catches exhibited periods of 20-29
years, and ten years of cyclic variation. The Bay of Biscay case study demonstrated
that anchovy recruitment is significantly correlated with local downwelling and
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upwelling events that can be measured at 45°N 2°W, and that it follows a seasonal
pattern. During winter, the water column has almost no stratification as a result of
convergence and downwelling from western poleward currents bringing warmer,
more-saline water of subtropical origin. During summer, water-column stratification
increases when northerly winds dominate and mechanisms of divergence and stable
stratification prevail, bringing colder, less-saline water of subpolar origin to the Bay
of Biscay. This weak upwelling yields stable stratification that favours good
recruitment. Nevertheless, if spring—summer northerly winds induce gales and
storms, disrupting stable stratification, this would be detrimental to anchovy success.
A general mechanism emerged, of an alternation of periodical quasi-decadal
dominance of boreal fresher, colder water and subtropical warmer, more-saline
water. In accordance with the biogeography of the region, this seems to favour the
productivity of each species differently.
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Introduction

Jiirgen Alheit, Maria de Fatima Borges, Alicia Lavin, Andrés Uriarte, and
Antonio Bode

Understanding the role of natural variability over a variety of time-scales is essential
if one is to manage marine living resources effectively. Evidence exists that marine
ecosystems undergo large-scale, decadal fluctuations that seem to be driven by
climate forcing (Stenseth et al., 2002), as clearly demonstrated for the North Sea and
the Baltic Sea (Beaugrand, 2004; Alheit et al., 2005), the North Pacific (Hare and
Mantua, 2000), and eastern boundary current systems (Chavez et al., 2003; Alheit and
Niquen, 2004). Shifts in climate regimes can change marine communities and
trophodynamic relationships and induce changes in the mix of dominating species
over decadal time-scales. Evidence of such shifts was gained largely through
retrospective studies, i.e. the analyses of historical atmospheric and marine data. In
some instances, palaeorecords have allowed us to look farther back in time and, most
importantly, at periods when human intervention through fishing was not as
important as it is today. The impact of climate variability on marine ecosystems has
been the focus of a number of national and international regional projects carried out
in local waters through a combination of retrospective investigations, modelling
efforts, and process studies. GLOBEC workshops have concentrated on ecosystems in
which small pelagic fish, such as anchovy and sardine, are important, along with
horse mackerel (Trachurus trachurus). Reasons for this are (Hunter and Alheit, 1995):

e Small pelagic fish such as sardine, anchovy, herring (Clupea harengus),
sprat (Sprattus sprattus), and others represent ca. 20-25% of the total
annual world fisheries catch.

e They are widespread and in all oceans.

e They support important fisheries all around the world, and the economies
of many countries depend on their fisheries.

e They respond dramatically and quickly to changes in ocean climate.

* Most species are highly mobile, have short, plankton-based food chains,
and some even feed directly on phytoplankton.

e They are short-lived (3-7 years), highly fecund, and can spawn year-
round (many of them do so).

e These biological characteristics make them very sensitive to
environmental forcing and highly variable in their abundance (Hunter
and Alheit, 1995).

e Thousand-fold changes in abundance over a few decades are
characteristic for small pelagics, well-known examples including the
Japanese sardine (Sardinops melanostictus), the sardine in the California
and Benguela Currents (Sardinops sagax), anchovy (Engraulis ringens) in
the Humboldt Current, anchovy in the Benguela Current (Engraulis
encrasicolus), and herring in European waters.

e Their drastic stock fluctuations often have dramatic consequences for
fishing communities, entire regions, and even whole countries.

e Their dynamics have important economic consequences as well as
ecological ones.
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e They are the forage for larger fish, seabirds, and marine mammals. The
collapse of small pelagic fish populations is often accompanied by sharp
declines in seabird and marine mammal populations that depend on them
for food.

e Major changes in the abundance of small pelagic fish may be
accompanied by marked changes in ecosystem structure. They are often
accompanied by rigorous changes in abundance and species composition
of zooplankton.

e The great plasticity in the growth, survival, and other life-history
characteristics of small pelagic fish is key to their dynamics and makes
them ideal targets for testing the impact of climate variability on marine
ecosystems and fish populations and, in general, marine ecosystems.

Valuable accounts of long-term changes in anchovy and sardine and their respective
ecosystems around the Iberian Peninsula and the potential impact of climate
variability have been published recently (Borja et al., 1998; Allain ef al., 2001; Uriarte
et al., 2002; Borges et al., 2003; Guisande ef al., 2004; Bode et al., 2006). However, those
studies concentrated on single species or ecosystems and were restricted to regional
parts of southwestern European waters. The report of this workshop is meant to
analyse long-term time-series of physical and biological data from the seas
surrounding the Iberian Peninsula in a comparative manner, focusing on long-term
changes in small pelagic fish, to enhance understanding of the response of marine
ecosystems to low-frequency environmental change and improve knowledge of the
impact of climate variability on marine ecosystems.

The comparative approach was chosen to elucidate the mechanisms controlling the
abundance and distribution of marine populations. Improved mechanistic
understanding of the coupling between physics and biology will, in turn, likely make
it possible to improve the reliability of predictions of the future composition of
marine communities and provide a fresh basis for ecosystem and resource
management.
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2.1

Southwestern European waters

Southern Atlantic waters

A. Miguel P. Santos, Alicia Lavin, Manuel Ruiz-Villarreal, Victor Valencia,
Louize Hill, Andrés Uriarte, and Maria de Fatima Borges

Most of the water masses in the region (Figure 2.1) are of North Atlantic origin,
including those that have been transformed after mixing with Mediterranean water.
The region is affected by both subpolar and subtropical gyres, depending on latitude,
but the general circulation in the area follows the subtropical anticyclonic gyre in a
relatively weak manner (1-2 cm s). The southern part of the Bay of Biscay along the
northern Spanish coast is known as the Cantabrian Sea and is characterized by a
narrow shelf. Farther south, a narrow shelf continues west, off Portugal. Lastly, to the
south, the Gulf of Cadiz has a wider shelf that is strongly influenced by the
Mediterranean Sea. Within these zones, the topographic diversity and wide range of
substrata result in many different types of coastal habitat (OSPAR, 2000).

The eastern boundary of the North Atlantic subtropical gyre extends from the
northern tip of the Iberian Peninsula at 43°N to south of Senegal at ca. 10°N,
approximately the displacement of the trade-wind band. The meridional shift in the
trade-wind system causes seasonal upwelling at the extremes of the band, whereas in
the central region, upwelling is relatively continuous year-round (Wooster et al., 1976;
Aristegui et al., 2004).

= Mareh, 2005

Figure 2.1. March 2005 map showing the waters around the Iberian Peninsula, including the Bay
of Biscay, the Cantabrian Sea, Portuguese continental waters, the Gulf of Cadiz, and the
Mediterranean Sea.

Superimposed on the seasonal variation, short-term variability of wind direction and
intensity may induce or suppress upwelling, affecting the dynamics of the ecosystem.
The upwelling region is separated into two distinct areas, the Iberian coast and the
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northwest African coast, with apparently little continuity in the flow between them.
This is caused by the interruption of the coastline at the Strait of Gibraltar, which
funnels the exchange of water between the Mediterranean Sea and the Atlantic
Ocean. Associated with the topography of the shelf, large filaments of coastal
upwelled water stretch offshore from the numerous capes and promontories,
exchanging water and biological properties with the ocean boundary. This exchange
is particularly noticeable along the giant filaments of Cape Cuir and Cape Blanc,
which stretch up to several hundred kilometres into the open ocean, transporting
water rich in organic matter (Aristegui et al., 2004).

In the Cantabrian Sea, surface currents generally flow east during winter and spring
and west in summer, following windforcing (Lavin et al., 2005). The changes in the
direction of the currents produce seasonal coastal upwelling. The circulation on the
west coast of the Iberian Peninsula is characterized by a complex current system
subject to strong seasonality and mesoscale variability, demonstrating reversing
patterns between summer and winter in the upper layers of the slope and over the
outer shelf (Barton, 1998; Peliz et al., 2005; Ruiz-Villarreal et al., 2006). During spring
and summer, northerly winds blowing along the coast dominate, causing coastal
upwelling and producing a south-flowing current at the surface and a north-flowing
undercurrent at the slope (Fitza et al., 1982; Haynes and Barton, 1990; Peliz et al.,
2005; Mason et al., 2006).

In autumn and winter, the surface circulation is predominantly northward, partially
driven by meridional alongshore density gradients (Peliz et al., 2003a, 2003b), and
transporting warmer (subtropical) water of higher salinity over the shelf break
(Frouin et al., 1990; Haynes and Barton, 1990; Pingree and Le Cann, 1990) — the Iberian
Poleward Current (Peliz et al., 2003b). These waters are nutrient-poor and contribute
to fronts that determine the distribution of plankton, and of fish eggs and larvae
(Fernandez et al., 1993; Gonzalez-Quirds et al., 2003). Strong subtropical water
intrusions in the Cantabrian Sea may be a feature strongly influenced by wind events
(Villamor et al., 2005). Another important feature of the upper layer is the Western
Iberia Buoyant Plume (WIBP; Peliz et al., 2002), which is a low-salinity, surface-water
body fed by winter-intensified run-off from several rivers from the northwest coast of
Portugal and the Galician Rias. The WIBP could play an important role in the
survival of fish larvae (Santos et al., 2004).

The intermediate layers are occupied mainly by a poleward flow of Mediterranean
Water (MW), which tends to contour the southwestern slope of the Iberian Peninsula
(Ambar and Howe, 1979), generating mesoscale features known as meddies (Serra
and Ambar, 2002), which can transport saline, warm MW over great distances. The
exchange of water masses through the Strait of Gibraltar is driven by the deep, very
saline (S >37), warm Mediterranean Outflow Water (MOW) that flows into the Gulf
of Cadiz, and the less-saline, cool-water mass of Atlantic Intermediate Water (AIW) at
the surface. The most important features enhancing primary production are coastal
upwelling, coastal run-off, river plumes, seasonal currents, internal waves, and tidal
fronts. Water temperature is highest in the south, where it is influenced by the MW.
For example, the annual mean temperature at 100m is 11.2°C north of the region
(48°N), and 15.6°C to the south (36°N; Conkright et al., 2002).

Upwelling events are a common feature in Portugal, west of Galicia, and in a narrow
coastal band in the western Cantabrian Sea, especially in summer (Fraga, 1981; Fitiza
et al., 1982; Blanton et al., 1984; Botas et al., 1990; OSPAR, 2000). The climate and
oceanographic features of the inner part of the Bay of Biscay follow the main trends
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and patterns described above for the Iberian Atlantic coasts at the intergyre region of
the northeastern Atlantic Ocean (Valencia et al., 2003). Eastern North Atlantic Central
Water (ENACW) is the main water mass in the upper layers of the Bay of Biscay; it
occupies almost all of the water volume over the continental shelf and slope.
However, the upper layers suffer some modifications (at regional and seasonal scales)
caused largely by the close coupling of meteorological and oceanographic data in the
inner part of the Bay of Biscay (Pérez et al., 1995, 2000; Valencia et al., 2003) and
shown by, for instance, the relationships between atmospheric temperature, sea
surface temperature (SST), heat content, and salinity, in relation to the balance of
precipitation minus evaporation and the influence of river flows.

In this region, two varieties of ENACW can be identified: colder, fresher ENACWP of
subpolar origin, and warmer, more-saline ENACWT of subtropical origin (Rios et al.,
1992). The relative occurrence of those water masses in the southeastern Bay of
Biscay, as well as the extent of modification of their characteristics, is related to the
main seasonal cycle and to the specific climate conditions. During autumn and
winter, southerly and westerly winds dominate and a poleward current prevails,
with associated mechanisms of convergence, downwelling, and vertical mixing.
During spring and summer, southerly and westerly winds are less dominant, and
northeasterly winds prevail, with associated mechanisms of divergence, upwelling,
and stable stratification. This regimen also increases the proportion of relatively
colder, less-saline water (ENACWP) into the southeastern Bay of Biscay in summer
(Valencia et al., 2004).

The seasonal interplay of the large-scale climatology between the Azores high-
pressure cell, which is strong and displaced northwards during summer, and the
Icelandic low, which weakens then, governs the setup of favourable upwelling winds
(northerlies) off western Iberia between April and October (Wooster et al., 1976; Fitiza
et al., 1982). During winter, the dominant wind direction changes, and poleward flow
becomes a conspicuous feature at all levels between the surface and the MW at
~1500 m along the Iberian shelf edge and slope. The surface poleward current carries
relatively warm, saline water clearly identifiable in SST satellite imagery (Frouin et
al., 1990; Haynes and Barton, 1990; Peliz ef al., 2005) that propagates to locations as far
north as the Cantabrian Sea (Pingree and Le Cann, 1990) and Goban Spur, northwest
of the United Kingdom at the continental margin (Pingree, 1993).

For the North Atlantic system, the Canary and Iberian regions form two different
subsystems (Barton, 1998). The separation is not simply geographic, but a
consequence of the discontinuity imposed by the strait at the entrance to the
Mediterranean Sea, allowing the exchange between two different water masses with
a profound impact on regional circulation (Relvas et al., 2006). The latter author
suggests that large-scale climatological patterns are partly obscured by mesoscale
activity.

The upper waters of the Bay of Biscay have experienced progressive warming during
the past and present centuries. Mean SSTs increased by 1.48°C in the southeastern
Bay of Biscay over the period 1972-1993 (0.68°C per decade) and by 1.038°C over the
past century (Koutsikopoulos et al., 1998; Planque et al., 2003). The increase in heat
content stored in the water column appears to be greatest in the 200-300 m layer
(Gonzalez-Pola and Lavin, 2003), and it is in this layer that the ENACW responds
quickly to climate forcing in areas of water-mass formation located in the northern
Bay of Biscay and adjacent areas. In the southern Bay of Biscay in the ENACW,
temperature increased during the past decade by 0.032°Cyear!, and in the
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Mediterranean Water by ~0.020°C and by 0.005 for salinity (Gonzalez-Pola et al.,
2005).

Balearic Sea
M:? Luz Fernandez de Puelles

The Balearic Islands in the central western Mediterranean basin represent a complex
topographic barrier separating two sub-basins in which there are different water
masses. The marine region can be considered as a transition zone where water masses
of southern and northern origin meet in the surface layer (0-100m). In the
northwestern Mediterranean, the Balearic Sea receives cold, saline water originating
during winter in the Gulf of Lions, where strong winds are frequent; in the south, the
Alboran basin, where weather conditions are milder, is the direct receptor of Atlantic
waters through Gibraltar of warmer, less-saline water. Therefore, in the Balearic Sea
and particularly in its channels, cool, saline northern waters proceeding north
encounter warmer, fresher water of Atlantic origin flowing north (Font ef al., 1988;
Garcia et al., 1994; Pinot et al., 1994). The Mallorca Channel is the preferred route of
southern waters in their northward spread. Nevertheless, the circulation can be
reversed during winter and spring as cool, south-flowing water of northern origin
(Pinot et al., 2002). According to the time of year and the mesoscale processes in
adjacent areas, these waters mix, but there are also clear inputs of different water
masses, forming frontal systems with more or less similar intensity and permanence
(Lopez-Jurado, 2002). During the period 1994-2003, interannual variability in the
hydrography of the islands was high and the main driver of zooplankton variability
(Fernandez de Puelles et al., 2004a). However, northern, more-saline water flowing
south is more common in winter; during autumn, Atlantic water flowing north is
more prevalent. Permanent mesoscale eddies disturb the area, resulting in
characteristic complex circulation patterns. The seasonal and interannual variability
of these currents has been investigated during the past decade by oceanographers
investigating their relationship to atmospheric forcing, but the implication on
planktonic communities is still poorly understood (Fernandez de Puelles et al.,
2004b). Multidisciplinary projects since 1994 have found that the Mallorca Channel is
a good place for long-term monitoring, particularly of the boundary character of the
area, where any hydrographic change can be reflected by the zooplankton
community (Ferndndez de Puelles et al., 2004a). In addition, the area is not affected by
river discharge or pollutants of terrestrial origin, and is more influenced by ocean
than by coastal circulation, such as that at play over shelf areas, where there tends to
have been more research (Estrada et al., 1985). Considering the above, the Channel
could well represent the transitional open-sea environment of the Mediterranean
pelagic ecosystem.
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3.1

Data

Antonio Bode, Alicia Lavin, Raquel Somavilla, Victor Valencia, Andrés
Uriarte, Hugo Mendes, Maria de Fatima Borges, and A. Miguel P. Santos

In all, 73 climatic, oceanographic, and biological variables were identified, and the
data for each of these variables have been identified. The longest available time-series
was from 1940 to 2005 for variables such as the North Atlantic Oscillation (NAO)
index, the Global Temperature Anomaly, the Portuguese north wind, or sardine
landings. Shorter time-series were available for other variables, the shortest being for
anchovy and horse mackerel recruitment in the Bay of Biscay, which was only from
1986 and 1985, respectively, to 2005.

The time-series used in the workshop were as broad as possible and include different
types of climatological, oceanographic, and biological data to cover most of the
variability of the area. The period studied in the long-term analyses was fixed at
1960-2005. Short-term data series were also computed to evaluate regional
variability. Tables 3.1-3.3 summarize the 73 variables, show the period for which
data are available, and list the data sources. The variables are organized according to
abiotic and biotic data type: global climate, physical oceanographic, and biological
indices.

Global climatic indices

Table 3.1. The 17 available time-series of global climate indices and the sources of data.

NO. VARIABLE  DEFINITION START -END SOURCE OF DATA

1 NAO North Atlantic Oscillation 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

2 EA Eastern Atlantic pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA of monthly values

3 WP Western Pacific pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

4 EP_NP Eastern Pacific/North Pacific pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

5 PNA Pacific North American pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

6 EA_WR East Atlantic/West Russia pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

7 SCA Scandinavia pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

] TNH Tropical/Northern hemisphere pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

9 POL Polar/Eurasia pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

10 PT Pacific Transition pattern 1950-2005 PFEL-NOAA. Annual standardized means
from PCA monthly values

11 CLI1 1st PCA component of climate indices 1950-2005 PCA of teleconnection indices

12 CLI2 2nd PCA component of climate indices 1950-2005 PCA of teleconnection indices

13 CLI3 3rd PCA component of climate indices 1950-2005 PCA of teleconnection indices

14 NAO_DM North Atlantic Oscillation (Hurrell, 1995) 1940-2005 Climate Research Unit (CRU) actual values

December-March (not from PCA components)

15 NAO_m North Atlantic Oscillation (Hurrell, 1995) 1940-2005 Climate Research Unit (CRU) actual values

annual mean (not from PCA components)
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NO. VARIABLE  DEFINITION START-END SOURCE OF DATA

16 At_global  Global temperature anomaly (continent- 1940-2005 Climate Research Unit (CRU)
ocean) from mean value between 1880
and 2000 (°C)

17 At_NH Northern hemisphere temperature 1940-2005 Climate Research Unit (CRU)

anomaly (continent-ocean) from mean
value between 1880 and 2000 (°C)

3.2 Physical oceanographic indices

Table 3.2. The 29 available time-series for local physical oceanographic indices and the sources of

data.
NO. VARIABLE DEFINITION START-END SOURCE OF DATA
18 AMO Atlantic Multidecadal Oscillation (SST 1940-2005  Climate Data Center (CDC), NOAA
anomaly from detrended mean global
warming value)
19 SSTP Mean SST, Portugal (39.5°N 09.5°W, 1960-2002  ICOADS (reanalysis data) 2° x 2° grid
oc)
20 RFG Mean annual river flow, Gironde 1952-2005  AZTl from various sources
(Garonne+Dordogne, m3s-1)
21 SSTSS Mean SST at San Sebastian Aquarium 1947-2005  AZTl from various sources
(°0)
22 POLE Poleward index at 43°N 11°W from 1955-2004  Cabanas (2000)
geostrophic winds (quarterly, October-
December of preceding year)
23 Uls_4311 Upwelling index at 43°N 11°W from 1966-2005 Lavin efal. (1991)
geostrophic winds (March-October,
m3s-1km-1)
24 Uim_4311 Upwelling index at 43°N 11°W from 1966-2005  Lavin etal (1991)
geostrophic winds (annual mean,
m3s-1km-1)
25 TPEA Mean water transport from potential 1955-2005  WHOI, Ruth Curry
energy anomaly, North Atlantic (Mt s-1)
26 SST_4503 Mean SST (45°N 03°W, °C) 1955-2005 ICOADS
27 SST_4311 Mean SST (43°N 11°W, °C) 1955-2005  R. Somavilla and A. Lavin (pers. comm.)
28 TAIR_4311 Mean air temperature (43°N 11°W, °C) 1955-2005  R. Somavilla and A. Lavin (pers. comm.)
29 U_4503 Mean E-W wind (45°N 03°W, m s-1) 1955-2005  R. Somavilla and A. Lavin (pers. comm.)
30 V_4503 Mean N-S wind (45°N 03°W, ms-1) 1955-2005  R.Somavilla and A. Lavin (pers. comm.)
31 u_4311 Mean E-W wind (43°N 11°W, ms™1) 1955-2005  R. Somavilla and A. Lavin (pers. comm.)
32 V_4311 Mean N-S wind (43°N 11°W, ms™1) 1955-2005  R. Somavilla and A. Lavin (pers. comm.)
33 NWPw North wind, Portugal (40°N 10°W, 1940-2000  R. Somavilla and A. Lavin (pers. comm.)
January-March, ms-1)
34 NWPs North wind, Portugal (40°N 10°W, 1940-2000  NCAR reanalysis data (original data from
June-Aug, ms1) 5°x 5° grid, 30-50°N 25 - 5°W)
35 SOFWE Significantly offshore favourable wind 1948-2003  H. Mendes (pers. comm.)
events, Portugal (number of events with
>4 favourable days)
36 SUFWE Significantly upwelling favourable wind 1948-2003  H. Mendes (pers. comm.)
events, Portugal (number of events with
>4 favourable days)
37 HSFWE Hybrid SUFWE-SOFWE events, Portugal 1948-2003  H.Mendes (pers. comm.)
38 SONFWE Significantly onshore favourable wind 1948-2003  H. Mendes (pers. comm.)
events, Portugal (number of events with
>4 favourable days)
39 UILm_4502  Upwelling index, Landes (45°N 02°W, 1967-2005  ICOADS (reanalysis data) 2°x2° grid
annual mean, m3 s~1 km-?)
40 UIBm_4502  Upwelling index, Basque coast (45°N 1967-2005 ICOADS (reanalysis data) 2°x2° grid

02°W, annual mean, m3 s~1 km-1)
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NO. VARIABLE DEFINITION START-END  SOURCE OF DATA

41 UIBs_4502  Upwelling index, Basque coast (45°N 1967-2005 V.Valencia and A. Borja (pers. comm.)
2°W, annual mean of positive values,
March-July, m3 s~ km-?)

42 TURB_4502 Mean annual turbulence, Bay of Biscay 1967-2005  ICOADS (reanalysis data) 2°x2° grid
(at45°N 02°W, m3s1)

43 SHF_4503 Annual mean sensible heat fluxes, Bayof = 1948-2005  ICOADS (reanalysis data) 2°x2° grid
Biscay (45°N 03°W, W m-2)

44 LHF_4503 Annual mean latent heat fluxes, Bay of 1948-2005  ICOADS (reanalysis data) 2°x2° grid
Biscay (45°N 03°W, W m-2)

45 ZMF_4503 Annual mean zonal momentum flux, Bay 1948-2005  ICOADS (reanalysis data) 2°x 2° grid
of Biscay (45°N 03°W, N m-2)

46 MMF_4503  Annual mean meridional momentum 1948-2005  ICOADS (reanalysis data) 2°x 2° grid

flux, Bay of Biscay (45°N 03°W, N m-2)

Biological indices

The available biological indices for the Iberian region are listed in Table 3.3. They
include landings and recruitment data for sardine, anchovy, and horse mackerel from
the different Iberian subareas.

Phytoplankton colour index (PCI) time-series observed in Galicia—Portugal and in
the Bay of Biscay monitored by the Continuous Plankton Recorder (CPR) provided
by SAFHOS (http://www.sahfos.org/) were available between 1958 and 2004.
Mesozooplankton biomass and copepod abundance time-series of several local

subareas were the basis for biological indicators of ecological processes, e.g. the
phytoplankton—zooplankton index (PZI).

Table 3.3. The 26 available biological time-series indices: description, period, and sources of data.

NO. VARIABLE DEFINITION START-END SOURCE OF DATA

47 sard_PNW Sardine landings (x1000 t), ICES, 1940-2005 Mendes and Borges (2006)
NW Portugal

48 sard_PSW Sardine landings (x1000 t), ICES, 1940-2005 Mendes and Borges (2006)
SW Portugal

49 sard_PS Sardine landings (x1000 t), ICES, 1940-2005 Mendes and Borges (2006)
S Portugal

50 sard_PW Sardine landings (x1000 t), ICES, 1940-2005 Mendes and Borges (2006)
SW Portugal = sard_PNW+sard_PSW

51 sard_P Sardine landings (x1000 t), ICES, 1940-2005 Mendes and Borges (2006)
Portugal = sard_PNW+sard_PSW
+sard_PS

52 anch_BBI Anchovy landings (x1000 t), ICES 1940-2005  ICES; A. Uriarte (pers. comm.)
Divisions Vllla,b,c (France+Spain)

53 anch_BBS Anchovy landings (x1000 t), ICES 1940-2005  ICES; A. Uriarte (pers. comm.)
Divisions Vlllb,c (Spain)

54 sardine Sardine landings (x1000 t), ICES 1940-2005 ICES; A. Bode (pers. comm.)
Divisions Vllic+IXa

55 anchovy Anchovy landings (x1000 t), ICES 1943-2005 ICES; A. Bode (pers. comm.)
Divisions Vllic+IXa

56 sard_e Sardine landings (standardized, 1940-2005 A.Bode (pers. comm.)
normalized, detrended)

57 anch_e Anchovy landings (standardized, 1943-2005  A.Bode (pers. comm.)
normalized, detrended)

58 RIS Regime indicator series = 1940-2005  A.Bode (pers.comm.)
sard_e - anch_e

59 ARI Anchovy recruitment index (ICES 1967-2003  ICES; A. Uriarte (pers. comm.)

Subarea VIII; relative units)
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NO. VARIABLE DEFINITION START-END SOURCE OF DATA

60 AR Anchovy recruitment (Bay of Biscay, ICES ~ 1986-2005  ICES; A. Uriarte (pers. comm.)
Subarea VIII; no. x 109)

61 SR Sardine recruitment (Iberia, ICES 1978-2004  ICES; A. Uriarte (pers. comm.)
Divisions Vllic+IXa; no. x 109)

62 HMRI Horse mackerel recruitment (Iberia, ICES;  1985-1999  ICES; A. Uriarte (pers. comm.)
no. x 109)

63 HMR Horse mackerel recruitment (European 1982-2004  ICES; A. Lavin; P. Abaunza (pers. comm.)
Atlantic, ICES; no. x 109)

64 PCI_F4 Phytoplankton colour index (from CPR); 1958-2004  Continuous Plankton Recorder (CPR,
annual mean, area F4 (Galicia-Portugal) SAHFOS)

65 PCI_E4 Phytoplankton colour index (from CPR); 1958-2004  Continuous Plankton Recorder (CPR,
annual mean, area E4 (Bay of Biscay) SAHFOS)

66 COP_F4 Copepod abundance (from CPR; 1958-2004  Continuous Plankton Recorder (CPR,
no. x 103(3 m3)-1), area F4 SAHFOS)

67 COP_E4 Copepod abundance (from CPR; 1958-2004  Continuous Plankton Recorder (CPR,
no. x 103(3 m3)-1), area E4 SAHFOS)

68 DWCPR Mesozooplankton biomass (mg DW m-3) 1958-2003  A.Lopez-Urrutia (pers. comm.)
estimated from abundance for E4+F4
CPR areas

69 PCl_m Phytoplankton colour index (from CPR); 1958-2004  A.Bode (pers. comm.)
annual mean, areas F4-E4

70 COP_m Copepod abundance (from CPR; 1958-2004  A.Bode (pers.comm.)
no. x 103(3 m3)-1), areas F4-E4

71 PZI Phytoplankton-zooplankton index (from 1958-2004  A.Bode (pers.comm.)
CPR), areas F4-E4

72 PZI_F4 Phytoplankton-zooplankton index (from 1958-2004  A.Bode (pers.comm.)
CPR), area F4

73 PZI_E4 Phytoplankton-zooplankton index (from 1958-2004  A.Bode (pers. comm.)

CPR), area E4
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4 Methods

Hugo Mendes and Manuel Vargas-Yafiez

Principal component analysis (PCA) has been used to identify coherent patterns of
variability objectively among the available time-series. This reduces the
dimensionality of the data matrix to a smaller number of uncorrelated and possibly
meaningful time-series (PC scores) and loading vectors (Von Storch and Zwiers,
1999). It is particularly useful when investigating regime shifts, in part because it
requires no a priori assumptions about candidate regime-shift years (Mantua, 2004).
Additionally, time-series analysis methods must be used to assess the statistical
significance and character of temporal changes in the PCs. Nevertheless, according to
Mantua (2004), there are well known weaknesses in the use of PCA. First, it is a linear
method so it cannot identify non-linear relationships between different input
variables. Second, the resulting loading vectors and PC score-pairs are orthogonal.
Both characteristics may lead to erroneous interpretations in cases where the
resulting PC scores and loading vectors fail to reproduce the true characteristics of
the input data matrix. Therefore, identifying statistically significant shifts in PC
scores requires additional methods of time-series analysis to be applied subsequently.

We inspected different methodologies available to analyse fish catch time-series and
their relationship with environmental conditions. Also addressed were the problems
of identifying high frequency and low frequency time-scales present in the catch
time-series and how they interact and are affected by environmental forcing.

The variability time-scale present in fishery and climate time-series ranges from long-
term trends, represented by linear trends, to low-frequency (typically multidecadal)
oscillations and high-frequency variability consisting of interannual variability.

The statistical tools described were applied to the regional case study of sardine
catches in Portuguese waters, to exemplify the methodology to treat the
autocorrelation that reflects the memory of the time-series in the system.

Figure 4.1 shows the catch time-series in northwest Portugal. Initially, we tested for
the presence or absence of a long-term linear trend by fitting a straight line using a
least-squares fit. The anomalies relative to this linear trend were calculated by
subtracting the trend from the mean value, obtaining detrended anomalies with a
variability containing both the decadal (low frequency) and interannual (high
frequency) drivers.

The autocorrelation of this time-series was then estimated at different time-lags
(upper left corner of Figure 4.1). Catches in northwest Portugal are obviously
strongly autocorrelated, because the correlations are positive up to a ten-year delay.
This simply reflects the strong memory of the system and the influence of each single
datapoint on the following one. From a statistical perspective, it implies that
consecutive datapoints are not statistically independent and that each datapoint does
not provide one more degree of freedom. Statistical significance for the linear trend
detection took this into account with a loss of 91 degrees of freedom, down to 18
effective degrees of freedom (e.d.f.). This correction is made using the expression:
e.d.f.=L/t, where L is the total length of the time-series and T is the integral time-
scale, calculated as
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ZERO

r= [ p(kydk,

where p(k) is the correlation coefficient for lag k, and ZERO denotes the first zero
crossing of the autocorrelation function. Taking into account the loss of degrees of
freedom, the decreasing linear trend was not statistically significant at the 95%
confidence level.

The following step is to estimate the low frequency by means of a five-year moving
average (the blue line in Figure 4.1), and once it is subtracted from the original series,
the high frequency trend is left (red line in Figure 4.1). The same analysis was
performed for NAO, northwesterly winds, and SST time-series, and a linear
regression of the northwest catches on each of the variables was also determined.
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Figure 4.1. Autocorrelation function for northwest Portugal sardine catches and northwest wind
(bottom). Adjusted linear trend to the northwest catches (top right).

The regression of the northwest Portuguese anchovy catches on northwesterly winds
for the high-frequency time-series revealed that these two variables are not correlated
at this short time-scale. The upper panel in Figure 4.2 shows the northwest catches in
black, and the reconstructed time-series using the linear model in red for the high-
frequency time-series, and the lower panel the same analysis for the low-frequency
northwest catches. Again, the black line is the time-series and the red one is the
reconstructed series from the regression on the northwest wind. In that case, the
explained variance is 47%. Interestingly, the results improve for interannual
variability (9% variance explained) when the catches are regressed on the NAO
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index, but the results are worse for low frequency. Note, however, that there is a
negative relationship between NAO and catches for the decadal variability.

30 —
- Black: HF
20 Red: Model (regression on NW wind)
n _
S
S 10 — ‘
o
2 |
% 0 — A —/\,,,,, \/"' ‘
(]
e
5 _
8 10 —
= i
z
-20 —
-30
| | | | |
1900 1920 1940 1960 1980 2000
60 —
1 explained variance: 47%
40 — edof: 18
z
IS _
o
‘8 20 —
‘J)’ |
(]
<
e 0 —
©
o
> _
z
-20 —
-40
| | | | |
1900 1920 1940 1960 1980 2000

Figure 4.2. Short-term regression (top) and long-term regression (bottom) between northwest
Portugal sardine catches and the winter north wind, showing northwest catches (black) and the
reconstructed series from the model (red).

Finally, we performed a multiple regression analysis of the northwest catches on the
NAO and northwesterly winds and for high- and low-frequency time-series (Figure
4.3). The model was able to explain 11% of the variance for the interannual variability
and was positively correlated with NAO and negatively with northwesterlies. For
low frequency, the explained variance is 52%. Even considering the lost degrees of
freedom (d.f.) for this case (d.f.=91; e.d.f.=18), the correlation was significant at the
95% confidence level. The model revealed that catches are influenced negatively by
the NAO, contrary to what was observed for high frequency, and also negatively
correlated for northwesterly winds.

[ 15
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Figure 4.3. Short-term regression (top) and long-term regression model (middle) between
northwest Portugal sardine catches and the winter NAO, showing the northwest catches (black)
and the reconstructed series from the model (red). The bottom panel shows the line adjusted to
the long-term (blue) and short-term series (black).

The approach followed above is based on the time domain. An alternative approach
would be to study time-series on the frequency domain, which focuses on
investigating periodic properties of the series. To a large extent, the division arises
from the type of question being asked of the data. However, combining the
approaches can at times give a better understanding of the data. The estimated
spectrum decomposes the movement of the series in various sinusoidal waves of
different frequency (f) and demonstrates the relative strength of each frequency
oscillation. The lower frequencies (Figure 4.4 bottom) measure the contribution of
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long-term oscillations, and the high frequencies (Figure 4.4. top) measure the
contribution of short-term oscillations. Variation in the data at high and low
frequencies will correspond to long- and short-term cyclical variation with
period =1/f. The shortness of the series—in a time-series perspective—for this case
study is one of the limiting factors in analysing periodicity; spectrum analysis made
through autoregressive modelling yields better results in short time-series, and that
method provides a good estimation of the true spectrum of the series.
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Figure 4.4. Short-term regression (top) and long-term regression model (bottom) between
northwest Portugal sardine catches and the predictors winter NAO index and north wind,
showing the northwest catches (black) and the reconstructed series from the model (red).

In Figure 4.5, the autoregressive spectral analysis carried out on the northwest,
southwest, and western catches is shown. Clearly, the series are dominated by long-
term movements with strong memory. There is a common peak in the three regions
at a low frequency roughly corresponding to a 20-29 year period. Another low-
frequency peak is present in both northwest and southwest catch series, implying a
period of ~10years, corresponding to the memory structure found in the
autocorrelation function computed in this study for the northwest area. The
remaining high-frequency peaks were dominated by intra-annual variability.

[17
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Figure 4.5. Autoregressive spectral analysis for the sardine northwest, southwest, and western
catch series.

The statistical time-series analysis was performed using autocorrelation analysis,
with the autocorrelation function (ACF) measuring the correlation between
observations at different distances apart.
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5.1

Case studies

Case study 1-Global region, Atlantic Iberian Peninsula
Antonio Bode, Raquel Somavilla, Alicia Lavin, and Manuel Ruiz-Villarreal

5.1.1 Introduction

The study of variability of climate, oceanographic factors, and key ecosystem
components is generally limited by the availability of time-series at long (multi-
annual) scales (Bode et al., 2006). Therefore, it was decided to devote notable synthetic
effort to the collection and construction of a database including the relevant variables
in each of the climate, oceanographic, and ecological subsets, with the database
allowing analysis of either regional or subregional patterns. Here, the results of the
analysis of the entire Northeast Atlantic near the Iberian Peninsula (Figure 5.1) are
presented. For the purpose, variable values obtained at local or subregional levels
were integrated or averaged to provide estimates representative of the whole region.
Alternatively, only a single variable representing relevant indicators was selected in
cases where measurements were available for several sites or subregions.

55°

50°1

Latitude N

45°

40°

_NW Iberia

35° \ : ‘
15° 10° 5° 0° 5°

Longitude W
Figure 5.1. Map of the study region (shaded) in the Northeast Atlantic. (ICES, 2007.)

5.1.2 Objectives

The objectives of the case study were to identify and analyse (i) linear trends and (ii)
oscillations at a multi-annual scale.

5.1.3 Methods

Variables

Climate variables were provided mainly by teleconnection indices computed for the
northern hemisphere (NOAA Climate Prediction Center). The data used in the
analysis were annual standardized means from principal component analysis (PCA)
of monthly values covering the period 1950—-2005. Only four indices were employed

[ 19
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(Table 5.1) as representative of the main drivers of atmospheric circulation over the
Northeast Atlantic (Barnston and Livezey, 1987) and taking into account the results of
preliminary analysis in the context of the present study (Bode et al., 2006). The North
Atlantic Oscillation (NAO), computed as the atmospheric pressure anomaly between
Iceland and southern Europe, was associated with dominant climatic conditions over
western Europe (Hurrell and Dickson, 2004), whereas the East Atlantic pattern (EA),
which is structurally similar to the NAO, contains a strong subtropical component.
Scandinavia (SCA) and Polar/Eurasia (POL) patterns are characterized by
atmospheric pressure anomalies in boreal regions affecting the longitudinal
circulation of winds and storms.

Table 5.1. Variables selected for the regional analysis. The period of data covered, along with the
interannual linear trend and significance (p), is also indicated.

VARIABLE DEFINITION START-END TREND P

NAO North Atlantic Oscillation ! 1950-2005 0.007 0.014
EA East Atlantic pattern ! 1950-2005 0.016 0.000
SCA Scandinavia pattern ! 1950-2005 -0.007 0.021
POL Polar/Eurasia pattern 1 1950-2005 -0.001 0.773
AMO Atlantic Multidecadal Oscillation 2 1940-2005 -0.001 0.282
Ulm_4311 Mean upwelling index at 43°N 11°W3 1966-2005 -4.798 0.006
TPEA Mean water transport from the potential 1955-2005 0.104 0.013

energy anomaly, North Atlantic 4

SHF_4503 Mean sensible heat fluxes at 45°N 03°W 5 1948-2005 0.265 0.000
ZMF_4503 Mean zonal momentum flux at 45°N 03°W 6 1948-2005 0.000 0.356
Sardine Sardine landings 7 1940-2005 -0.601 0.021
Anchovy Anchovy landings 8 1943-2005 -0.670 0.000
PCI Phytoplankton colour index ® 1958 -2004 0.011 0.000
cop Copepod abundance 10 1958-2004 -0.008 0.001
ACA Acartia abundance 10 1958 -2004 -0.006 0.001
CAL Calanus abundance 10 1958-2004 -0.002 0.047

1 Teleconnection indices. Annual standardized means of PCA values (relative scale units).
ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/tele_index.nh.

2 SST anomaly from detrended mean global warming value.
http://webl.cdc.noaa.gov/Timeseries/ AMO/.

3 Offshore water transport estimated from geostrophic winds (Lavin et al., 1991). Annual means
(m3s-1km-).
4 Annual means (Mts-).

5 Annual means (W m-2) computed from values provided by
http://www.cdc.noaa.gov/cdc/data.coads.2deg.html.

¢ Annual means (N m-2) computed from values provided by
http://www.cdc.noaa.gov/cdc/data.coads.2deg.html.

7 Commercial catches in ICES Divisions VIIIc and IXa (ktonnes). http://www.ices.dk.
8 Commercial catches in ICES Divisions VIIIa,b,c and IXa (ktonnes). http://www.ices.dk.
9 CPR areas F4 and E4. Annual means (relative scale units). http://www.sahfos.org.

10 CPR areas F4 and E4. Annual means (no. x 10° sample -1). http://www.sahfos.org.

The five oceanographic variables retained were representative of vertical stability of
the upper water column, SST, and east—west oceanographic gradients (Table 5.1). The
Atlantic Multidecadal Oscillation (AMO) was significantly correlated (p< 0.05) with
all other variables, indicating SST at various sites in the region, with the advantage
over individual site values of providing an integrated value for the entire North
Atlantic basin (Kerr, 2000). Similarly, sensible (SHF_4503) and zonal (ZMF_4503) heat
fluxes were preferred to values of sea temperature or wind because they are related



ICES Cooperative Research Report No. 316 | 21

to water-column stability and turbulence caused by windstress, respectively (Curry
and Webster, 1999; Siedler et al., 2001). Heat fluxes were computed from temperature
and windspeed values at the sea surface in a 2°x2° cell centred at 45°N 03°W
provided by the International Comprehensive Ocean-Atmosphere Dataset
(ICOADS). Transport of water was estimated from the potential energy anomaly
(TPEA), a two-point baroclinic pressure difference between the subtropical and
subpolar gyre centres derived from hydrographic measurements in the Labrador
Basin and at Station S near Bermuda (Curry and McCartney, 2001). This transport
index indicates variations in main North Atlantic currents such as the Gulf Stream
and the North Atlantic Current.

The role of upwelling was represented by the dataseries of the Ekman transport
values computed at a 2°x2° cell centred at 43°N 11°W (Lavin ef al., 1991), because
that series was significantly correlated with most other indices of upwelling available
for the region (p< 0.05). The annual mean of the upwelling index (UIm_4311) was
selected in this case because of the better correlation of this series with other
oceanographic variables, compared with seasonal means, and because the mean
value was expected to balance the positive and negative effects of upwelling on
pelagic fish (Guisande et al., 2001; Borges et al., 2003). Biological variables included
plankton abundance and/or biomass values from the CPR survey
(http://www.sahfos.org/). Data were averaged over CPR grids F4 (northwestern
Iberian shelf) and E4 (Bay of Biscay) between 1958 and 2004. Phytoplankton biomass
was estimated from the phytoplankton colour index (PCI), and zooplankton
abundance was represented by total copepod abundance (COP). To investigate
changes in the plankton community that may be relevant to upper trophic levels, the
abundance of small copepods, represented by the genus Acartia (ACA), and large
copepods, represented by the genus Calanus (CAL), was also analysed. Planktivorous
fish biomass was estimated from the time-series of commercial landings of sardine
and anchovy in ICES Subarea VIII (Division VIllc for sardine) and Division IXa
(ICES, 2005).

Statistical methods

A preliminary treatment was to complete the missing data in some variables to
ensure continuity of the series in the study period. Data were estimated from
significant regression functions with related variables (as for CPR data from nearby
zones) or autoregression within the series. In all cases, the estimated data were < 10%
of the total in the series. Significance in linear trends in all variables was investigated
to reveal interannual rates of change. Thereafter, the trends were removed, and the
variables were normalized and standardized for subsequent analysis of multi-annual
periods. The main patterns of interannual variability in climate and oceanography
were summarized through PCA of the selected variables. These analyses were
repeated with different combinations of variables to identify the components
demonstrating the best correlations with all other variables (including those not used
in the PCA). For biological variables, the analysis of multi-annual periods was
performed with the original variables and also with several ecosystem indices, the
latter aimed at revealing changes in ecosystem structure. These indices were
computed as differences of the detrended, normalized, and standardized values of
paired variables, such as the phytoplankton-zooplankton index (PZI=PCI-COP),
the Acartia—Calanus index (ACI=ACA-CAL), and the relative indicator series
(RIS=sardine—anchovy). The computation procedure and rationale are based on
those described by Lluch-Cota et al. (1997) for the study of alternating species of
pelagic fish.
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Finally, the relationships between interannual changes in the relevant indices were
analysed in order to explore the instantaneous link between climate, oceanographic,
and ecosystem variables. The latter are referred to as components of short lifespan,
such as plankton and planktivorous fish that are able to respond immediately to
changes in environmental conditions.

5.1.4 Results

Climate

All indices selected, except POL, demonstrate significant linear trends during the
period analysed (Table 5.1). NAO and, particularly, EA increased, whereas SCA
decreased between 1950 and 2005. These indices can be considered as independent
because they were uncorrelated one to another (p >0.05). The first two principal
components retain 59% of the total variance (Table 5.2), with the first component
(32%) representing the effect of northern vs. subtropical modes (NAO and EA),
whereas the second component (27 %) indicates the variability of boreal modes (SCA
and POL). Positive anomalies of CLI1 were observed in the periods 1964-1978 and
1989-1997, whereas negative anomalies dominated in the periods 1950-1963, 1979—
1989, and 1998-2005 (Figure 5.2). The duration of each phase is ca. 15 years before
1978, and 9 years thereafter. Such variations correspond mostly with EA, particularly
after the 1960s. Variability in CLI2 is characterized by alternating positive and
negative anomalies every 3-10 years, mirroring the variations in SCA after the 1960s
(Figure 5.2).

Table 5.2. Correlations between the original variables and the first (CLI1) and second (CLI2)
components of the PCA on climate variables.

VARIABLE PC1 PC2
NAO 0.586 0.162
EA -0.689 0.155
SCA 0.449 -0.759

POL 0.532 0.663
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Figure 5.2. Anomalies of climate variables with the long-term trend removed, contributing to the
first (CLI1) and second (CLI2) components extracted by a PCA. NAO = North Atlantic Oscillation;
EA =Eastern Atlantic pattern; SCA = Scandinavia pattern; POL = Polar/Eurasia pattern. All series
have been normalized, standardized, and smoothed with a 3-year running mean. (ICES, 2007.)
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Oceanography

No significant linear trends with time were found for AMO and ZMF, whereas SHF
and TPEA increase, and Ulm_4311 decrease (Table 5.1). These results indicate no
increase in the stratification of surface waters as a consequence of the reduction in
upwelling in the eastern Atlantic, along with an intensification of water transport by
the North Atlantic gyre. The PCA analysis performed on these variables, after
excluding UIm_4311 because of the lack of values before 1966 and the significant
correlation with AMO and ZMF_4503 (r=-0.330 and 0.418, respectively, p< 0.05),
produced two main components accounting for 63 % of the total variance (Table 5.3).
The first component (OCE1) is related mainly to the variability in SHF_4503 and
AMO, as opposed to that in ZMF_4503. This component accounts for 37 % of the total
variance and can be interpreted as an index of stability in the upper water column of
the region, with positive values associated with positive anomalies of AMO and
SHF_4503 (i.e. high SST and heat flux from the sea to the atmosphere), and negative
values associated with positive anomalies of windstress-causing turbulence. The
second component (OCE2) accounts for 26 % of the variance and mainly reflects the
intensity of water transport by the North Atlantic gyre, as indicated by the high
positive correlation with TPEA (Table 5.3). This component is also positively related
to turbulence.

Table 5.3. Correlations between the original variables and the first (OCE1) and second (OCE2)
components of the PCA on oceanographic variables.

VARIABLE OCE1 OCE2
AMO 0.614 -0.183
TPEA 0.444 0.788
SHF_4503 0.792 0.107
ZMF_4503 -0.523 0.617

Positive and negative anomalies of OCE1 alternate at a remarkably constant period of
twelve years (Figure 5.3). However, a discontinuity is apparent after 1978, when the
positive anomaly was extremely short and weak, producing two consecutive negative
anomalies separated by just two years. This apparent shift is related to the long
period of negative AMO between 1964 and 1995, in which period ZMF_4503 showed
a maximum value of negative anomaly in the late 1970s, suggesting a relaxation in
the coupling of windstress turbulence and SST. The shift can be also recognized in
OCE2, because the oscillations in this component are nearly identical with those of
TPEA in recent years (Figure 5.3), but the pattern differed before 1978, when positive
anomalies were of short duration (3—4 years).
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Figure 5.3. Anomalies of oceanographic variables with the long-term trend removed, contributing
to the first (OCE1) and second (OCE2) components extracted by a PCA. AMO = Atlantic
Multidecadal Oscillation; SHF_5403 =sensible heat flux at 45°N 3°W; ZMF_4503 =zonal
momentum flux at 45°N 3°W; TPEA = transport caused by the potential energy anomaly over the
North Atlantic. All series have been normalized, standardized, and smoothed with a 3-year
running mean. (ICES, 2007.)

Ecosystem structure

Most biological variables display negative trends during the study period (Table 5.1);
only phytoplankton biomass (PCI) exhibits a mean increase, whereas copepod
abundance and fish biomass decrease for all species considered. Plankton variables
are characterized by the succession of relatively short periods (generally < 5 years) of
positive and negative anomalies, but paired variables (e.g. PCI vs. COP or Acartia vs.
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Calanus) do not exhibit consistent match—-mismatch patterns (Figure 5.4). The
combined indices, however, have relatively longer periods of ca. ten years,
particularly after the late 1970s. In this way, an increase in the relative dominance of
phytoplankton over zooplankton in recent years can be traced by the longer and
higher positive PZI anomalies compared with those observed before 1970 (Figure
5.4). Similarly, there is a decrease in the relative dominance of small over large
copepods, indicated by a reduction in the peaks of both positive and negative
anomalies of ACI since 1980 (Figure 5.4).



ICES Cooperative Research Report No. 316 | 27

PCI
o

COP
o

-1 4

-2

PZI
o

-2
1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

2

Acartia
o

Calanus
o

ACI
o

1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Figure 5.4. Anomalies of biological variables with the long-term trend removed, contributing to
ecosystem indices of plankton structure (PZI), zooplankton composition (ACI), and planktivorous
fish dominance (RIS). PCI=phytoplankton colour index; COP=copepod abundance;
Acartia = abundance of Acartia spp; Calanus=abundance of Calanus spp. All series have been
normalized, standardized, and smoothed with a 3-year running mean. (ICES, 2007.)

The series of pelagic fish indicates the succession of positive and negative anomaly
periods of ca. ten years for both sardine and anchovy (Figure 5.5). Interestingly, the
anomalies are in phase before 1980, when both species increase or decrease
simultaneously, but out of phase thereafter. This shift in the succession pattern is
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reflected by RIS anomalies before the late 1970s, with longer periods and lower
amplitude than those observed in recent years. The time of shift can be dated around
1978, when a short period of negative RIS anomaly indicates the start of the mismatch
between sardine and anchovy landings.
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Figure 5.5. Anomalies of sardine and anchovy landings with the long-term trend removed
contributing to the regime indicator series index (RIS). All series have been normalized,
standardized, and smoothed with a 3-year running mean. (ICES, 2007.)

Comparative analysis

The combination of source variables produce integrated indices with less high-
frequency variability than the original, revealing notable time-scale patterns (Figure
5.6). Interannual variability in climate, ocean, and ecosystem properties in the
northwest Iberian region, summarized using the principal components and indices
computed, is characterized mainly by oscillations at decadal time-scales. A recurrent
feature, however, is the shift in correspondence between positive and negative
anomalies when comparing different indices. As noted with individual variables,
after the late 1970s, anomalies of paired indices changed from in-phase to out-of-
phase, or vice versa. For instance, CLI1 and OCE1 anomalies before 1980 are out of
phase, but those for the period 1980-1995 are in phase. The positive PZI anomaly
period since 1990 is related to positive anomalies of OCE1 and negative anomalies of
CLI1, whereas in other periods (as in the late 1960s and 1970s), the converse
association applied. More consistent, however, is the association between positive
anomalies in ACI and those in RIS, suggesting a major role of trophic factors linking
greater abundance of small copepods to the abundance of sardine, and conversely a
relative dominance of large copepods to anchovy abundance.
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Figure 5.6. Comparison of anomalies of the main climatic (CLI1), oceanographic (OCE1), and
ecosystem indices (PZI, ACI, and RIS) obtained in Figures 5.2, 5.3, 5.4, and 5.5. (ICES, 2007.)

Because of the shift in the correspondence of anomalies, the average functional
relationships between indices for the whole study period are poor. However, selected
linear relationships suggested possible links between climate and ocean factors
affecting ecosystem structure (Figure 5.7). Oceanographic variability, as summarized
by OCE], is negatively correlated with the main climate component (CLI1). This is
consistent with an increase in ocean turbulence (and upwelling), with the increase in
north winds and boreal influence produced in phases of positive NAO, as opposed to
an increase in water column stability and higher SST (and a decrease in upwelling)
produced in phases of subtropical influence. The decrease in the intensity of the
North Atlantic gyre, indicated by OCE2, is associated with a relative increase in
phytoplankton in the region (PZI) that may be linked to an enhancement of the
effects of upwelling through a reduction in the dispersal of phytoplankton cells into
the ocean (Figure 5.7). Finally, RIS is negatively associated with OCE1, particularly if
the data for 1958 and 1960 are excluded (Figure 5.7). This relationship demonstrates
the positive effect of increasing turbulence (strong windstress) on the relative
abundance of sardine during the study, whereas a more stable water column (high
mean SST) favours the relative dominance of anchovy. The outliers, which are
excluded, are in the period when both species coexisted at high abundance.
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Figure 5.7. Selected examples of linear relationships between the main indices of variability of
climate vs. ocean (a), ocean vs. plankton (b), and fish vs. ocean (c). (ICES, 2007.)

5.1.5 Summary and conclusions

Significant interannual trends in climate, oceanographic, and ecosystem variables
integrated in the northwest Iberian and Bay of Biscay region indicate clear signs of
global warming in the region since ca. 1950.

The regional decrease in copepods and planktivorous fish can be related to reduced
upwelling and increased stratification. In contrast, an increase in phytoplankton may
be the result of various mechanisms, such as a reduction in turbulence, a lack of
coupling between phytoplankton and zooplankton, and an increase in westerly
currents in the North Atlantic.

In addition to the interannual trends, multi-annual periods of relative positive and
negative anomalies have been identified for all variable types. Quasi-decadal scales
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are characteristic of climate, oceanographic, and fish abundance indices, whereas
plankton indices display generally shorter periods.

A major shift affecting the succession patterns of positive and negative anomalies of
all indices in the late 1970s has been identified. The main changes were related to the
periodicity and amplitude of the anomaly oscillations and to the phasing of paired
indices.

The mechanisms linking climate to oceanographic and ecosystem variability can be
summarized by a conceptual model leading to two alternative states. When boreal
components dominate the atmospheric climate over the North Atlantic, active
upwelling and a relatively turbulent ocean surface favour the growth of small
copepods that are consumed efficiently by filter-feeding sardine. When the climate is
influenced by subtropical modes, reduced upwelling and stratification in the upper
ocean causes a general reduction in plankton productivity and small copepods. In
this situation, anchovy populations can burgeon if large copepods are available.

5.2 Case study 2 - local region, Portugal
Maria de Fatima Borges and Hugo Mendes

The dataset analysed for this region consists of catch time-series from northwestern,
western, southwestern, and southern Portugal. Figure 5.8 shows the trend in these
catches. By simple visual inspection, some of the main features of the series become
obvious. Southern regions off Portugal follow a similar trend, with bigger catches at
the start of the century, followed by a decreasing trend until the catches stabilize. The
northwestern coast, the region where catches are highest, exhibits an upward trend
until the 1970s, after which the series seems to suffer a structural change to a lower
mean and variance. One of the main patterns influencing atmospheric and oceanic
circulation in the North Atlantic is the NAO. It influences ecosystems in Portuguese
waters mainly by leading to northwesterly (upwelling-favourable) winds and a
transfer of turbulent kinetic energy to the sea, and by affecting the circulation in the
North Atlantic, for instance in the position of the Gulf Stream.
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Figure 5.8. Sardine catches from 1915 to 2005 off the northwestern, southwestern, western
(combined catches from southwestern and northwestern), and southern regions of Portugal.

Figure 5.9 shows the NAO index and northwesterly wind during the period analysed
here, with both variables strongly and positively correlated (northerly winds are
considered positive when blowing from the north). Low NAO values during periods
of several years seem to correspond to high catches, and vice versa.
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Figure 5.9. Winter NAO index, mean north wind (NW wind), and catches off northwestern
Portugal (NW catches); the bold line represents a 5-year moving average.

Visual inspection of the plots reveals low-frequency variability, with alternating
increasing and decreasing periods. Although spectral analysis detects it (see
following section), these changes seem to have a decadal character. Superimposed on
this smooth variability, there is high-frequency variability linked to year-on-year
changes in the catches. Figure 5.9 shows the low-frequency variability estimated by
means of a 5-year moving average.
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Table 5.4. Correlation matrix of the estimated linear association between Portugal’s northwestern,
southwestern, and southern sardine catches during the period 1914-2005.

NORTHWESTERN  SOUTHWESTERN  SOUTHERN

Northwestem 1.00
Southwestern -0.20 1.00
Southem -0.251 0.482 1.00

1 Significant correlation (p< 0.05; 5% level).

2 Highly significant correlation (p< 0.001; 0.1% level).

From the simple linear association, we find a negative correlation between the
southern and the northwestern series and a positive highly significant correlation
with southwestern catches (Table 5.4).

5.2.1 Time-domain methods

There are two general approaches to analysing time-series. One is to use time-domain
methods in which the values of the processes are used directly (autocorrelations). The
statistical time-series analysis was performed using autocorrelation analysis. The
ACF measures the correlation between observations at different time-lags. Figure 5.10
plots the sample ACF for the four subareas; the two horizontal lines show
significance limits at a 95% level. Significant autocorrelation coefficients appear in the
northwestern and southwestern regions up to the time-lag of seven and twelve years,
respectively. The southern region, despite the significant 1-year-lag correlation, seems
to have no clear memory structure.
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Figure 5.10. Sample autocorrelation function for the areas studied.

Through the sample autocorrelation coefficients, we computed the index of
dissimilarity, defined as

n

Z(pn,t = Pyt )2

t=1
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between the different regions up to a 20-year time-lag (Table 5.5).

Table 5.5. Measure of dissimilarity for a 20-year time-lag between the series. The higher the
values, the more different are the series in a time-series perspective.

NORTHWESTERN  SOUTHWESTERN  SOUTHERN

Northwestern 0.00
Southwestern 0.53 0.00
Southern 1.28 1.70 0.00

Despite the non-significant linear association between the southwestern and
northwestern series, there is similarity in the stochastic pattern. The southern region
exhibits no memory structure and clearly distinguishes itself from the other two
regions.

5.2.2 Frequency-domain methods

As mentioned above, there are two general approaches to studying time-series; one is
the time-domain method; the other is to use frequency-domain methods to
investigate the periodic properties of series. Some authors tend to focus on one or the
other domain. To a large extent, such division arises from the types of question being
asked of the data. However, combining the approaches can, at times, yield a more
thorough understanding of the data.

The estimated spectrum decomposes the movement of the series into various
sinusoidal waves of different frequency and reveals the relative strength of each
frequency oscillation. The lower frequencies (Figure 5.11) measure the contribution of
long-term oscillations, and the high frequencies measure the contribution of short-
term oscillations. Variation in the data at high and low frequencies will correspond to
long- and short-term cyclical variation, with period =1/f.
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Figure 5.11. Spectrum analysis for northwestern, southwestern, western, and southern Portugal
sardine catches.

The shortness of the series in a time-series perspective for this case study is one of the
limiting factors in analysing periodicity. Spectrum analysis made through
autoregressive modelling yields better results in short time-series, and this method
provides a good estimate of the true spectrum of the series. The order was selected
here subjectively, based on the partial and autocorrelation function.

The autoregressive spectral analysis made on northwestern, southwestern, western,
and southern catches is shown in Figure 5.12. Comparing the result with the standard
spectrum analysis, the spectrums of the series in the two methodologies are similar,
but the peaks in the autoregressive method seem to be more pronounced.

It is clear that the series are dominated by long-term variance with strong memory.
There is a common peak in the three regions at low frequency, roughly
corresponding to a period of 20-29 years. Another low-frequency peak is present in
both northwestern and southwestern catch series, implying a period of ~10 years. The
remaining high-frequency peaks are dominated by intra-annual variability.

From a preliminary analysis made through the cumulative periodogram, a time-
series tool that checks whether a series follows white noise (i.e. is a purely random
series), it became clear that the peaks in the southern series were not significant.
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Figure 5.12. Autoregressive spectrum analysis for northwestern, southwestern, western, and
southern Portugal sardine catches.

Case study 3 - local region, Bay of Biscay
Andrés Uriarte and Victor Valencia

The climate and oceanographic features of the inner Bay of Biscay follow the main
trends and patterns described above for the Iberian Atlantic coast, following the main
trends and anomaly patterns described for the intergyre region of the Northeast
Atlantic (Valencia et al., 2003). The ENACW is the main water mass in the upper
layers of the Bay of Biscay; it occupies almost the whole water column over the
continental shelf and slope. However, the upper layers of the water column suffer
some modification (at regional and seasonal scales) largely because of the close
coupling between meteorological and oceanographic data in the inner Bay of Biscay
(Pérez et al., 1995, 2000; Valencia et al., 2003). For instance, there are clear relationships
between atmospheric temperature, SST, heat content, and salinity in relation to the
precipitation-minus-evaporation balance and the direct influence of river outflows.

In the Bay of Biscay, two types of ENACW can be identified: colder, fresher
ENACWP of subpolar origin, and warmer, more-saline ENACWT of subtropical
origin (Rios et al., 1992). The relative occurrence of those water masses in the
southeastern Bay of Biscay, as well as the extent of modification of their
characteristics, is related to the main seasonal cycle and to specific climate conditions.
During autumn and winter, southerly and westerly winds dominate, and a poleward
current prevails, with associated mechanisms of convergence, downwelling, and
vertical mixing. During spring and summer, southerly and westerly winds are less
prevalent, and northerly and northeasterly winds dominate, with associated
mechanisms of divergence, upwelling, and stable stratification. These processes also
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increase the proportion of relatively colder, less-saline water (ENACWP) into the
southeastern Bay of Biscay in summer (Valencia et al., 2004).

The duality between upwelling and downwelling and the relative prevalence of
climate and oceanographic conditions related to these systems seems to be an
important factor driving Bay of Biscay anchovy recruitment. Two environmental
indices studied during the past ten years (Borja et al., 1996, 1998; Allain et al., 2001)
have demonstrated that the prevalence of northeasterly winds during spring and
early summer causes weak upwelling and favours the onset of good anchovy
recruitment in the Bay of Biscay. In addition, strong gales or storms in June/July,
inducing turbulence and disruption of stratification, are detrimental to the success of
anchovy recruitment (Allain et al., 2001). Therefore, the balance of windstress and
direction in the southeastern corner of the Bay of Biscay has implications for trends in
the anchovy population size in the Bay of Biscay.

We review here some of the interrelationships between the general climate indices of
the Northeast Atlantic analysed above and some local oceanographic and biological
indices for the Bay of Biscay in relation also to anchovy recruitment indices. The
analysis is restricted to the period 1967 onwards for which a series of anchovy
recruitment indices is available. The indices selected, which reflect some of the
relevant features within the Bay of Biscay, are the following subset of the original
listing in Tables 3.1-3.3.

VARIABLE ACRONYM  DEFINITION

NAO North Atlantic Oscillation

EA Eastern Atlantic pattern

SCA Scandinavia pattern

POL Polar/Eurasia pattern

NAO_DM North Atlantic Oscillation, December-March (Hurrell, 1995)

NAO_m North Atlantic Oscillation, annual mean (Hurrell, 1995)

AMO Atlantic Multidecadal Oscillation (SST anomaly from detrended mean global warming value)

RFG Mean annual river flow, Gironde (Garonne+Dordogne, m3 s-1)

SSTSS Mean SST at San Sebastian Aquarium (°C)

POLE Poleward index at 43°N 11°W from geostrophic winds (Qy, the October-December quarter of the
preceding year)

TPEA Mean water transport from potential energy anomaly, North Atlantic (Mt s-1)

SST_4503 Mean SST (45°N 03°W, °C)

UlLm_4502 Upwelling index, Landes (45°N 02°W, annual mean; m3 s~1 km-1)

UIBm_4502 Upwelling index, Basque coast (45°N 02°W, annual mean; m3 s~1 km-1)

UIBs_4502 Upwelling index, Basque coast (45°N 02 °W, annual mean of positive values, March-July;
m3s-1km-1)

TURB_4502 Mean annual turbulence, Bay of Biscay (at 45°N 02°W; m3 s-3)

SHF_4503 Annual mean sensible heat fluxes, Bay of Biscay (45°N 03°W; W m-2)

ZMF_4503 Annual mean zonal momentum flux, Bay of Biscay (45°N 03°W; N m-2)

ARI Anchovy recruitment index (ICES Subarea VII; relative units)

AR Anchovy recruitment (Bay of Biscay, ICES Subarea VIII; no. x 109)

HMR Horse mackerel recruitment (European Atlantic, ICES; no. x 109)

PCI_E4 Phytoplankton colour index (from CPR in area E4, Bay of Biscay), annual mean

COP_E4 Copepod abundance (from CPR in area E4; no. x 103 (3 m3)-1)

DWCPR Mesozooplankton biomass, estimated from abundance for E4+F4 CPR areas (mg DW m-3)

PCI_m Phytoplankton colour index (from CPR in areas F4-E4), annual mean

COP_m Copepod abundance (from CPR in areas F4-E4; no. x 103 (3 m3)-1)

PZI Phytoplankton-zooplankton index (from CPR in areas F4-E4)

PZI_E4 Phytoplankton-zooplankton index (from CPR in area E4)
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The series were standardized, and any time-trend during the series 1967-2004 was
removed. For the Bay of Biscay, a correlation analysis between the above-described
variables was performed. Tables 5.6 and 5.7 present the results for selected variables.

This region seems not to be conditioned heavily by the NAO directly. In fact, NAO
indices were not related to the hydrographic factors included in the analysis. Only
the Gironde River outflow (RFG) was close to being significantly related to the NAO
computed from December to March each winter. The East Atlantic pattern (EA),
structurally similar to the NAO and Polar/Eurasia (POL) patterns, which affect the
longitudinal circulation of winds and storms and are both weakly related to the
potential energy anomaly (TPEA), are all related to the upwelling indices of the
region (although only occasionally being statistically significant, e.g. POL and TPEA
with the spring upwelling index UIBs at 45°02'N).

Both the EA and POL patterns are related significantly to the long recruitment index
series of anchovy (ARI), although they do not achieve significance for the short series
(AR). This relationship might be related in part to their relationship with the Landes
and spring upwelling indices in the region. Gironde River discharge seems to be
affected only weakly by the SCA or POL and more directly by NAO from December
to March (NAO_DM), the annual upwelling index along Landes (UILm), and with
temperature (SSTSS) and sensible heat fluxes (SHF) related to water column stability.
Neither temperature nor river discharge are related significantly to anchovy
recruitment, although there might be some negative limiting role of river run-off, as
indicated by Buffaz and Planque (2006) by quartile regression.

Recruitment of anchovy is significantly influenced by the upwelling index at 45°02'N
for both the long (ARI; Borja et al., 1996) and short (AR; ICES, 2005) series,
independently or not of retrieving tendencies from the series (Table 5.7). The
significance of this environmental index still remains ten years after its first
publication in Borja et al. (1996). Biological variables from the CPR survey do not
demonstrate a clear relationship with anchovy recruitment, except perhaps for the
negative relationship demonstrated for mesozooplankton biomass (mg DW m3) that
is estimated from abundance for E4+F4 CPR areas (DWCPR) and not easily
understood. However, the positive relationship between the horse mackerel series of
recruitment and the phytoplankton—zooplankton index (PZI; CPR areas F4-E4) is
interesting, probably resulting from the opposite signs of the potential influences of
the copepod and phytoplankton indices on horse mackerel recruitment.
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6 General discussion

Antonio Bode, Jiirgen Alheit, Alicia Lavin, Andrés Uriarte, and Maria de
Fatima Borges

6.1 Trends and global warming

All the observed trends are consistent with a general increase in both atmospheric
and sea surface temperature in the late 20th century (Kerr, 2000; Hansen et al., 2005).
Considering the study period, the influence of boreal components (e.g. north winds
indicated by positive NAO values) on the climate in the North Atlantic declined,
whereas that of subtropical components (e.g. EA) increased. This influence may
explain the increasing stratification of surface waters, the reduced upwelling in the
eastern Atlantic, and the intensification of water transport to the east by the North
Atlantic gyre. This interpretation is consistent with observations (Curry et al., 2001)
and model predictions of North Atlantic currents (Bryden et al., 2005). The overall
decrease in zooplankton and fish is also consistent with an increase in stratification at
the surface, which itself would reduce productivity. Similar trends were reported
using CPR data over the North Atlantic, revealing a reduction in phytoplankton in
warmer regions, whereas that of cooler regions increased (Richardson and Schoeman,
2004). In this way, the increase observed in phytoplankton biomass when upwelling
intensity drops may be explained by either metabolic enhancement through the
increasing temperature or a progressive uncoupling from zooplankton consumers
(Edwards and Richardson, 2004). A similar increase in recent years has been
described for coastal phytoplankton at some sites within the study region (Bode et al.,
2006). Although there is evidence of strong bottom-up control of climate on the
planktonic foodweb, several mechanisms have been invoked to explain the changes
(Beaugrand, 2004; Edwards and Richardson, 2004; Richardson and Schoeman, 2004).
Because of the rapid response of plankton to oceanographic conditions, comparative
studies between adjacent regions may reveal the dominance of a particular
mechanism in shaping planktonic communities. For instance, the rate of change of
zooplankton communities varies along the northern Iberian coast in relation to the
change in water-column stratification (Valdés et al., 2007).

6.2 Periodic changes and bottom-up forcing

The study revealed the succession of periods at interannual, in many cases, quasi-
decadal, scales for climate, oceanographic, and ecosystem indices. Similar changes
have also been shown for other regions characterized by coastal upwelling (e.g.
Chavez et al., 2003). Interestingly, the changes off northwest Iberia were in an
upwelling system characterized by a range in variability of absolute values of
upwelling intensity and ecosystem productivity much smaller than those in other
oceanic regions, such as Peru or South Africa (Schwartzlose et al., 1999). It must be
taken into account, however, that the database used only spans up to 60 years,
allowing for the identification of only a few decadal periods. Therefore, the role of
different mechanisms can only be advanced tentatively. In any case, what can be
explored is the possible role of direct effects of climate vs. foodweb-mediated controls
on the observed succession of alternative states of the ecosystem.

Direct effects of climate on plankton and sardine populations have been
demonstrated in subzones of the study area. For instance, several studies (Dickson et
al., 1988; Borges et al., 2003; Guisande et al., 2004) analysed the negative relationship
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between the intensity of northerly winds in spring and sardine landings off Portugal
and Galicia. Other studies have revealed the negative effect of intensive winter and
spring upwelling on the recruitment of sardine, likely by increasing larval dispersion
(Guisande et al., 2001; Santos ef al., 2004). In contrast, moderate upwelling seems to
favour anchovy recruitment in the eastern Bay of Biscay (Borja et al., 1998; Allain et
al., 2001). In addition to direct effects of climate and oceanographic conditions,
indirect effects on upper trophic levels may operate through changes in productivity
and the structure of plankton communities (Chavez et al., 2003; van der Lingen et al.,
2006). In the latter case, the availability of appropriate prey favours the dominance of
one or other species of planktivorous fish. Adult sardine are better suited than
anchovy to filter-feeding on small copepods, but anchovy are efficient predators of
large copepods (van der Lingen et al., 2006). In addition, sardine can consume
phytoplankton (Bode et al., 2004; Cunha et al., 2005). These trophic characteristics may
favour the dominance of one fish species when the environmental conditions for the
development of appropriate food are right. For the southern Benguela, intermittent
upwelling is hypothesized as the driver of high phytoplankton biomass in large cells
that feed large copepods, thus favouring anchovy dominance (van der Lingen et al.,
2006). Warm surface waters during reduced upwelling conditions are related to the
proliferation of small phytoplankton cells and copepods, which are ideal forage for
sardine. Similar hypotheses were proposed for the Pacific (Chavez ef al., 2003),
although the association between upwelling intensity and a particular fish species
seems to vary among geographic locations (Chavez et al., 2003; Bertrand et al., 2004).

The link between climate, oceanography, and the structure of the ecosystem in
Iberian waters of the North Atlantic can be formulated as a conceptual model in
which alternative modes of the climate system lead to divergent oceanographic
conditions and, in turn, to the dominance of alternative plankton and fish species
(Figure 6.1). On one side, the dominance of boreal climate modes, such as those
indicated by positive NAO, and the influence of northerly winds and pressure
anomalies is associated with increased turbulence at the ocean surface, relatively low
water temperature, and high average intensity of upwelling. Such conditions favour
phytoplankton productivity during upwelling-induced blooms, and also the small
copepod species (e.g. Acartia) that are able to track the food increase at short time-
scales. In turn, the abundance of small copepods and phytoplankton can be used
efficiently by sardine through filter-feeding. On the other side, a growing influence of
subtropical climate components, as indicated by EA, would increase water surface
temperature and the stratification of the surface layer, while the average intensity of
upwelling and its frequency decreases. Phytoplankton productivity would decrease
because of the reduced nutrient input, but changes in the dominance of species (i.e.
dinoflagellates vs. diatoms) or local blooms caused by changes in currents may lead
to increases in biomass (Richardson and Schoeman, 2004). Reduced upwelling would
be a positive factor for anchovy recruitment and large copepods, which are able to
feed on relatively large phytoplankton, such as some dinoflagellates. Also, adult
anchovy would find food of appropriate size and produce large reproductive output.
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subtropical @ boreal

stratification ﬂ turbulence
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l fish l
anchovy sardine

Figure 6.1. Conceptual model linking changes in climate to those in the ocean and ecosystem
components at a regional scale in northwestern Iberia and the Bay of Biscay. (ICES, 2007.)

The conceptual model described in Figure 6.1 describes the average multi-annual
dynamics in the main climate, oceanographic, and ecological features in the study
region. However, the conditions leading to alternative states of the ecosystem are
different from those proposed for other upwelling regions (e.g. van der Lingen et al.,
2006). One possible explanation for such a difference is the nature of the main direct
external forcing on the ecosystem, in this case, the upwelling. Being a marginal
upwelling area within the large Northeast Atlantic upwelling region, the northwest
Iberian shelf has upwelling events of much shorter duration and intensity than those
in areas located to the south (e.g. northwest Africa or southern Benguela). In this
context, relative anomalies of upwelling intensity or frequency within a particular
region may represent very different energy inputs in absolute value than upwelling
regions. Also, reduced upwelling and increased stratification need to be viewed in
relative terms, because upwelling events never cease completely. Subregional
analysis may reveal the exact mechanisms triggering the biological response at each
site, adding local complexity to the processes depicted in the model shown in Figure
6.1. An example of the interaction of factors at climate, biogeographic, and local scales
was provided for the North Sea by Beaugrand (2004).

6.3 Regime shifts

The underlying causes for the variability described may also change during the
observational period. This is suggested by the match and mismatch of positive and
negative anomaly periods when comparing indices (e.g. Figure 5.6). Sudden changes
in most series, such as those observed in the late 1970s, are generally associated with
shifts in the oceanographic and ecosystem regimes (De Young et al., 2004). Similar
shifts were recognized in most upwelling regions (Borges et al., 2003; Chavez et al.,
2003; Alheit and Niquen, 2004; Cury and Shannon, 2004). Large changes in climate
related to the El Niiio—Southern Oscillation (ENSO) were often claimed as one of the
major underlying causes of ecosystem shift, mainly in the Pacific (Chavez et al., 2003),
but it can affect other oceans too, through climate teleconnections (Barnston and
Livezey, 1987). Major changes in the ecosystems of the Northeast Atlantic have been
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described for the period between the late 1970s and 1990, but the exact timing of the
shift varied among target variables (Beaugrand, 2004; Edwards and Richardson, 2004;
Richardson and Schoeman, 2004). Climate effects such as the change in windspeed
and direction in the late 1970s may need different time to integrate as a clear response
in some biological compartments. In this regard, plankton and short-lived pelagic fish
are among the first to show change, but the ability to identify the timing also depends
on the statistics employed (Beaugrand, 2004).

The shift in the late 1970s identified in this study coincides with a major ENSO-
related shift in the Pacific (Chavez et al., 2003; Alheit and Niquen, 2004), which is also
indicated in zooplankton CPR data from the Northeast Atlantic (Dickson et al., 1988;
Richardson and Schoeman, 2004). One major feature of the shift detected in the
Iberian case is the coincidence of peak abundance of both sardine and anchovy prior
to 1975. Fishery data report a marked decrease in the distribution area of Iberian
anchovy, formerly well distributed through the shelf (Junquera, 1984), but now
restricted to major populations in the eastern Bay of Biscay and the Gulf of Cadiz
(ICES, 2005). In contrast, sardine populations have fluctuated in abundance, but
never abandoned their main centres of distribution (Carrera and Porteiro, 2003; ICES,
2005). The continued operation of upwelling, even reduced by global trends, and the
decrease in suitable prey for anchovy in the region may explain the lack of success of
anchovy in most parts of the region after 1980. Only appropriate conditions at local
scales, such as the moderate upwelling and the existence of thermohaline fronts in
the eastern Bay of Biscay (Borja et al, 1998; Allain et al., 2001) would allow
maintenance of the species despite the average negative conditions in the region.
Changes in the region considered in this study in the early 1990s were similar to
those described in the Pacific (Chavez et al., 2003) and were also found at subregional
scales (Borges et al., 2003). This fact supports a major role for teleconnection patterns
at multidecadal scales, causing abrupt changes in the relationships between
environmental and biological variables.
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List of abbreviations

See also the list of abbreviations of variables in Section 3.

ACF
ACA
ACI
AIW
CAL

CLI

cor
CPR
e.d.f.
ENACW
ENACWP
ENACWT
ENSO
ICOADS
MOW
MW
OCE

PC

PCA

PCI
SAHFOS
SHF

SST
WIBP
ZMF

autocorrelation factor

Acartia abundance

Acartia—Calanus index

Atlantic Intermediate Water

Calanus

climatic indices

total copepod abundance

Continuous Plankton Recorder

effective degrees of freedom

Eastern North Atlantic Central Water

Eastern North Atlantic Central Water of subpolar origin
Eastern North Atlantic Central Water of subtropical origin
El Nifio-Southern Oscillation

International Comprehensive Ocean—-Atmosphere Dataset
Mediterranean Outflow Water

Mediterranean Water

oceanographic indices

principal component

principal component analysis

phytoplankton colour index

Sir Alister Hardy Foundation for Ocean Science
sensible heat flux

sea surface temperature

Western Iberia Buoyant Plume

zonal momentum flux
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